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Nanocrystalline  Pd4oNi6o  alloy  catalyst  has  been  fabricated  by  dealloying  a  ternary  Al75Pdi0Nii5  alloy 
in  a  20  wt.%  NaOH  aqueous  solution  under  free  corrosion  conditions.  The  microstructure  and  catalytic 
performance  of  the  catalyst  have  been  characterized  by  X-ray  diffraction,  scanning  electron  microscopy, 
transmission  electron  microscopy,  high-resolution  transmission  electron  microscopy,  and  cyclic  voltam¬ 
metry.  The  Pd4oNi6o  alloy  consists  of  nanocrystals  with  sizes  of  5-10  nm,  and  Pd/Ni  elements  exist  in 
a  solid  solution  form.  Moreover,  nanocrystalline  zones,  amorphous  zones  and  lattice  distortion  can  be 
observed  in  the  Pd4oNi6o  alloy.  Electrochemical  measurements  demonstrate  that,  for  equivalent  mass 
Pd,  Pd40Ni6o  has  an  enhanced  electrocatalytic  performance  towards  methanol  and  ethanol  oxidation  in 
alkaline  media  than  nanoporous  Pd.  The  nanocrystalline  Pd40Ni6o  alloy  is  a  promising  catalyst  towards 
alcohol  oxidation  in  alkaline  media  for  fuel  cell  applications. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  recent  years,  great  attention  has  been  paid  to  direct  alcohol 
fuel  cells  (DAFCs)  as  portable  applications  due  to  some  superior 
advantages  over  analogous  devices  fed  with  hydrogen  [  1  ].  The  most 
common  DAFC  is  the  direct  methanol  fuel  cell  (DMFC).  Up  to  date, 
most  of  researches  on  DMFC  have  been  done  in  acidic  media  with 
Pt  and  Pt-based  alloys  as  anode  catalysts  due  to  their  high  catalytic 
ability  in  various  reactions  including  electro-oxidation  of  small 
organic  molecules  [2-4].  Flowever,  Pt-based  catalysts  suffer  some 
disadvantages,  such  as  CO  poisoning,  effective  methanol  crossover, 
degradation  of  membranes,  and  corrosion  of  carbon  materials  and 
cell  hardware  [5].  In  comparison,  if  DMFCs  operate  in  an  alkaline 
electrolyte,  the  kinetics  would  be  significantly  improved  and  Pt- 
free  electrocatalysts  could  be  used  [6]. 

Pd,  which  is  one  of  platinum  group  elements,  holds  high  electro¬ 
oxidation  catalytic  activity  and  has  larger  abundance  and  lower 
price  compared  to  Pt  [7,8].  The  interest  in  Pd  is  not  only  for  the 
purpose  to  lower  the  cost  of  catalysts  but  pursuits  an  improved 
catalytic  activity.  One  method  to  promote  the  catalytic  activity  of 
Pt  is  alloying  with  another  metal,  such  as  Ru,  Sn,  etc.  [9-11].  Sim¬ 
ilarly,  the  catalytic  activity  of  Pd  can  be  modified  by  alloying  with 


*  Corresponding  author.  Tel.:  +86  531  88396978;  fax:  +86  531  88395011. 
E-mail  address:  zh_zhang@sdu.edu.cn  (Z.  Zhang). 

0378-7753 /$  -  see  front  matter  ©  2011  Elsevier  B.V.  All  rights  reserved, 
doi:  10.1 01 6/j.jpowsour.201 1.02.083 


other  metals,  among  which  Ni  is  the  main  focus.  Liu  et  al.  [12]  syn¬ 
thesized  PdNi  nanoparticles  by  a  chemical  reduction  process  with 
formic  acid.  Both  electrodeposited  bimetallic  PdNi  film  [13]  and 
PdNi  alloy  [14]  show  an  enhanced  catalytic  activity  than  pure  Pd 
synthesized  with  the  same  processes.  In  addition,  the  combination 
of  Pd  with  Ni  is  expected  to  further  enhance  the  tolerance  of  Pd  to 
poisoning  as  Ni  is  an  oxophilic  element. 

In  our  previous  work,  we  have  successfully  fabricated 
nanoporous  Pd  (NPPd)  by  dealloying  an  Al-Pd  alloy  and  have  found 
that  NPPd  has  an  ultrahigh  electrochemical  active  surface  area 
and  exhibits  a  superior  catalytic  performance  with  high  stabil¬ 
ity  [15].  With  the  inspiration  of  Pt  or  Pd  alloyed  with  another 
metal  to  improve  the  catalytic  activity,  we  aim  to  investigate  a 
nanocrystalline  PdNi  alloy  fabricated  by  dealloying  a  ternary  AlPdNi 
precursor.  The  catalytic  activity  of  the  fabricated  PdNi  alloy  for 
methanol  and  ethanol  electro-oxidation  has  also  been  studied. 

2.  Experimental 

The  starting  Al75PdioNii5  (nominal  composition,  at.%)  rib¬ 
bons  were  prepared  by  a  melt  spinning  technique  from  pure  Al 
(99.95  wt.%),  Pd  (99.9  wt.%)  and  Ni  (99.9  wt.%)  ingots  at  a  rotation 
speed  of  1 000  rpm  in  a  controlled  Ar  atmosphere  on  a  copper  roller 
with  a  diameter  of  0.35  m.  The  ribbons  obtained  were  typically 
20-50  pirn  in  thickness,  2-4  mm  in  width,  and  several  centimeters 
in  length.  The  dealloying  was  performed  in  a  20  wt.%  NaOFI  aqueous 
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solution  (prepared  from  analytical  grade  reagents  and  nanopure 
water)  first  at  room  temperature  for  1  h  and  then  at  90  ±  5  °C  for 
another  1  h  until  no  obvious  bubbles  emerged.  Finally,  the  sam¬ 
ples  were  rinsed  in  distilled  water  for  several  times  to  remove  the 
residual  NaOH. 

The  microstructure  of  the  melt-spun  Al75  Pdi  0Nii  5  precursor  and 
the  as-dealloyed  samples  was  characterized  by  X-ray  diffraction 
(XRD,  Rigaku  D/max-rB)  with  Cu  Ka  radiation,  a  scanning  elec¬ 
tron  microscope  (SEM,  LEO  1530VP)  with  an  energy  dispersive 
X-ray  analyzer  (EDX),  a  transmission  electron  microscopy  (TEM, 
Philips  CM  20)  with  selected-area  electron  diffraction  (SAED)  and  a 
high-resolution  TEM  (HRTEM,  FEI  Tecnai  G2).  TEM  specimens  were 
prepared  using  a  Gatan  ion  mill  at  5  kV.  The  fast  Fourier  trans¬ 
form  (FFT)  patterns  were  obtained  from  the  corresponding  FIRTEM 
images  using  a  Gatan  software. 

All  electrochemical  measurements  were  performed  in  a  stan¬ 
dard  three-electrode  cell  using  a  LI<  2005A  Potentiostat.  The 
electro-oxidation  electrode  was  prepared  as  follows:  4 mg  fine 
ground  as-dealloyed  samples,  4  mg  Vulcan  XC-72  carbon  powders, 
300  pT  isopropanol,  and  100p,L  Nafion  solution  (0.5wt.%)  were 
ultrasonically  mixed  for  30  min.  Then,  5  pX  of  the  homogeneously 
mixed  ink  was  placed  on  a  freshly  polished  glassy  carbon  (GC) 
electrode  with  a  diameter  of  4  mm.  The  counter  electrode  was  a 
bright  Pt  plate,  a  saturated  calomel  electrode  (SCE)  or  Hg/HgO  elec¬ 
trode  (MMO)  was  used  as  the  reference  electrode,  depending  upon 
the  experimental  requirement.  Cyclic  voltammetric  (CV)  tests  were 
performed  in  the  potential  range  of  -1.0  to  1.0  V  (vs.  MMO)  in  a 
solution  of  1.0  M  KOH,  and  -0.9  to  0.6  V  (vs.  MMO)  in  solutions  of 
1 .0  M  KOH  +  0.5  M  methanol  or  1 .0  M  KOH  + 1 .0  M  ethanol  at  a  scan 
rate  of  50  mV  s-1 .  For  comparison,  CV  tests  of  the  catalyst  electrode 
were  also  carried  out  in  the  potential  range  of  -0.25  to  1.1  V  (vs. 
SCE)  in  the  1.0  M  H2S04  solution,  and  then  electrocatalytic  activi¬ 
ties  were  measured  in  the  solutions  of  1 .0  M  KOH  +  0.5  M  methanol 
and  1 .0  M  KOH  + 1 .0  M  ethanol  at  a  scan  rate  of  50  mV  s-1 .  All  elec¬ 
trochemical  experiments  were  performed  at  ambient  temperature 
(~25°C).  All  current  densities  were  calculated  according  to  geo¬ 
metric  areas  of  electrodes  and  were  normalized  to  equivalent  mass 
Pd.  NPPd  was  also  prepared  for  comparison  to  evaluate  the  electro- 
catalytic  performance  of  the  as-dealloyed  alloy  catalyst  [15]. 

3.  Results  and  discussion 

Fig.  la  shows  the  XRD  pattern  of  the  melt-spun  Al75PdioNii5 
alloy.  Al,  Al3Ni,  Al3Pd  and  other  unknown  phases  (unlabelled  peaks 
which  cannot  be  indexed  to  any  known  phase)  exist  in  the  start¬ 
ing  precursor  alloy.  It  is  known  that  the  Al-TMs  (transition  metals) 
systems  are  easy  to  form  metastable  phases,  especially  under  rapid 
solidification  conditions.  Fig.  lb  shows  the  XRD  pattern  of  the  as- 
dealloyed  samples  obtained  via  dealloying  of  Al75PdioNi15  in  the 
20wt.%  NaOH  solution.  The  peaks  at  41.3,  48.3  and  70.9°  can  be 
assigned  to  (1  1  1 ),  (2  0  0)  and  (2  2  0)  reflections  of  an  fee  PdNi  solid 
solution,  and  no  Pd  or  Ni  peaks  can  be  found  in  this  XRD  profile. 
Thus,  the  Al,  Al3Ni,  Al3Pd  and  other  unknown  phases  in  the  precur¬ 
sor  can  be  fully  dealloyed  in  the  NaOH  solution.  In  addition,  a  little 
amount  of  NiO  exists  in  the  as-dealloyed  samples.  Line  broadening 
is  obvious,  which  indicates  grain  refinement  in  the  as-dealloyed 
samples.  According  to  the  X-ray  profile  broadening,  the  mean  crys¬ 
tallite  size  of  the  as-dealloyed  samples  can  be  evaluated  using  the 
classical  Scherrer  equation  [16]: 

*  Kk 

Phkl  =  Trncn — 

1  cost ihki 

where  fihki  is  the  crystallite  size  contribution  to  the  peak  width 
(integral  or  full  width  at  half  maximum)  in  radians,  K  is  a  constant 
near  unity  (here,  0.9  was  used),  X  is  the  wavelength  of  X-ray  (here, 
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Fig.  1.  XRD  patterns  of  the  melt-spun  Al75PdioNii5  alloy  before  (a)  and  after  (b) 
dealloying  in  the  20  wt.%  NaOH  solution. 

0.1 5406  nm),  0hki  is  the  peak  position  of  the  reflection  (h/d),  and 
T  is  the  average  thickness  of  the  crystal  in  a  direction  normal  to 
the  diffracting  plane  (h/d).  In  the  present  work,  the  PdNi  (111) 
reflection  was  used  and  the  mean  size  was  calculated  to  be  ~2  nm. 

Fig.  2  shows  the  SEM  images  of  the  cross-sectioned  view  of  the 
as-dealloyed  samples.  Two  distinguished  areas  can  be  observed  in 
the  as-dealloyed  samples.  According  to  solidification  sequence  of 
the  ribbon,  one  is  the  columnar  area  which  grows  along  the  ver¬ 
tical  direction  (highlighted  by  a  downward  arrow  in  Fig.  2a)  due 
to  the  direct  contact  of  liquid  melt  with  the  copper  roller  dur¬ 
ing  the  rapid  solidification  process.  The  other  is  the  equiaxed  area 
which  is  not  in  contact  with  the  copper  roller  (highlighted  by  an 
upward  arrow  in  Fig.  2a)  and  thus  solidifies  later  than  the  columnar 
area.  The  as-dealloyed  samples  consist  of  short  rods  with  several 
microns  in  length  and  hundreds  of  nanometers  in  diameter  (Fig.  2b). 
Moreover,  the  rods  form  clusters  in  local  areas,  and  one  cluster  is 
highlighted  by  an  arrow  in  Fig.  2b.  Within  the  cluster,  all  rods  are 
approximately  parallel.  No  obvious  nanopores  are  found  in  the  as- 
dealloyed  samples  from  SEM  at  a  higher  magnification  (Fig.  2c). 
Only  large  channels  among  short  rods  can  be  observed,  as  marked 
by  arrows  in  Fig.  2c.  In  comparison,  a  typical  nanoporous  structure 
with  ligament/channel  sizes  of  3-6  nm  can  be  observed  in  NPPd 
obtained  via  alkaline  dealloying  [15].  In  addition,  NPPd  obtained 
via  acid  dealloying  [17]  also  shows  a  similar  rod-like  morphology 
with  the  same  size,  however,  small  pores  with  a  size  of  15-20nm 
can  be  clearly  observed  from  the  SEM  images.  We  have  attributed 
the  formation  of  this  microstructure  to  two  processes:  on  one  hand, 
the  Al  is  more  prone  to  be  attacked  by  corrosive  solutions  than  the 
Al3  Pd  allowing  the  formation  of  large  channels  to  form;  on  the  other 


Z.  Qi  et  al.  /  Journal  of  Power  Sources  196(2011)  5823-5828 


5825 


III  l.fl  Ml  3.21  4.11  4.11  S.tl  1.40  7.21  III  V 


Fig.  2.  SEM  images  (a,  b  and  c)  showing  the  cross-sectioned  view  of  the  as-dealloyed  sample,  (d)  A  typical  EDX  spectrum  showing  the  composition  of  the  as-dealloyed  sample. 


hand,  the  removal  of  Al  from  Al3Pd  results  in  the  formation  of  small 
nanopores  while  the  columnar  structure  formed  in  the  precursor  is 
kept  during  the  dealloying  process.  When  the  large  channels  form, 
the  corrosive  solution  can  penetrate  into  these  channels  where 
once  the  Al  surrounds  the  unattacked  phases  and  dealloying  con¬ 
tinually  executes  on  the  unattacked  phases.  It  is  obvious  that  the 
formation  of  the  present  PdNi  alloy  can  be  explained  by  the  above 
mechanism.  However,  no  nanopores  can  be  observed  in  the  present 
PdNi  alloy.  It  should  be  noted  that  nanoporous  Au,  Ag  and  Cu  can 
be  obtained  from  Al-Au,  Al-Ag  and  Al-Cu  alloys  with  the  same 
alkaline  solution  under  similar  dealloying  conditions  [18-20].  In 
our  previous  study  of  porous  Ni  [21  ]  prepared  with  same  method, 
the  morphologies  of  porous  Ni  inherit  from  those  of  the  precursor 
alloys.  However,  no  nanopores  were  found  in  porous  Ni  samples. 
Therefore,  the  morphologies  of  grains  in  the  precursor  alloys  can 
be  inherited  into  the  as-dealloyed  samples  during  the  dealloying 
process.  It  is  generally  deemed  that  the  formation  of  a  nanoporous 
structure  through  dealloying  is  via  the  surface  diffusion  of  more 
noble  metals.  When  Al  is  removed  from  the  Al3Ni,  Al3Pd  and  other 
unknown  phases,  Ni  and  Pd  in  those  phases  form  adatoms  at  the 
metal/solution  interface.  Then,  those  adatoms  diffuse  and  aggre¬ 
gate  to  form  the  present  microstructure.  Unlike  the  single  diffusion 
of  only  one  metal  (for  example,  Pd,  Au,  Ag,  Cu  and  Ni),  however,  the 
surface  diffusion  of  two  metals  is  highly  influenced  by  their  differ¬ 
ent  diffusivities.  As  for  the  present  case,  Ni  plays  a  dominant  role 
in  the  formation  of  the  present  microstructure  of  the  as-dealloyed 
samples,  due  to  the  fact  that  nanopores  can  be  obtained  for  NPPd 
and  nanoporous  Au,  Ag  and  Cu,  while  no  nanopores  exist  in  porous 
Ni.  Furthermore,  there  has  been  no  report  of  successful  synthesis 


of  nanoporous  Ni  from  Al-Ni  alloys.  There  are  indeed  some  reports 
that  nanoporous  Ni  has  been  fabricated  from  Ni-Cu  and  Mn-Ni 
alloys  [22,23].  The  reason  why  Al-Ni  cannot  be  used  to  obtain 
nanoporous  Ni  is  still  unclear,  and  it  needs  further  study  which  is 
not  the  focus  of  this  work.  Fig.  2d  shows  a  typical  EDX  spectrum  of 
the  as-dealloyed  samples.  It  can  be  found  that  there  is  some  residual 
Al  existing  but  the  amount  of  Al  is  only  several  atom  percent.  The 
Pd/Ni  atomic  ratio  is  close  to  2:3  (37:63)  in  the  as-dealloyed  sam¬ 
ples,  and  thus  the  as-dealloyed  alloy  was  designated  as  Pd40Ni6o 
for  simplicity.  In  addition,  O  element  can  be  found  in  the  EDX  spec¬ 
trum  which  can  be  recognized  as  NiO  according  to  the  XRD  result. 
NiO  has  also  been  found  in  porous  Ni  obtained  from  Al-Ni  alloys 
via  dealloying  [21]. 

Fig.  3  shows  the  TEM  image  of  the  as-obtained  Pd40Ni6o  alloy. 
Although  the  image  contrast  is  inhomogeneous,  it  is  clear  that 
neither  nanopores  nor  ligaments  can  be  observed  in  the  microstruc¬ 
ture  of  the  Pd40Ni6o  alloy.  The  corresponding  SAED  pattern  consists 
of  diffraction  rings,  demonstrating  that  the  Pd4oNi6o  alloy  is  com¬ 
posed  of  nanocrystals  (inset  of  Fig.  3).  The  HRTEM  image  shows 
that  these  nanocrystals  are  5-1  Onm  in  size  (one  nanocrystal  is 
marked  by  a  dashed  ellipse  in  Fig.  4).  The  size  of  these  nanocrys¬ 
tals  is  a  little  larger  than  that  determined  by  the  Scherrer  law 
according  to  the  XRD  result  (Fig.  lb).  Besides  nanocrystals,  some 
amorphous  zones  and  lattice  distortion  can  be  observed  as  high¬ 
lighted  by  a  dashed  square  and  a  solid  ellipse  in  Fig.  4,  respectively. 
The  formation  of  these  unique  structures  may  be  attributed  to  the 
employment  of  dealloying  to  fabricate  the  nanocrystalline  Pd40Ni6o 
alloy.  In  addition,  the  corresponding  FFT  pattern  further  verifies  the 
nanocrystalline  nature  of  the  Pd40Ni6o  alloy  (inset  of  Fig.  4). 
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Fig.  3.  TEM  image  of  the  nanocrystalline  Pd40Ni6o  alloy  and  corresponding  SAED 
pattern  (inset). 


Fig.  5a  shows  CV  curves  of  Pd4oNi6o  and  NPPd  in  the  1.0  M  KOH 
solution.  It  can  be  seen  that  the  desorption/adsorption  of  hydrogen 
appearing  between  -1.0  and  -0.74  V  is  clearly  shown  for  NPPd. 
In  comparison,  the  desorption/adsorption  peaks  appear  between 
-1.0  and  -0.43  V  for  Pd40Ni6o,  which  are  more  distinguishable  than 
those  of  NPPd.  As  shown  in  Fig.  5a,  the  current  peaks  associated 
with  the  reduction  of  Pd  (II)  species,  either  PdO  or  Pd(OH)2,  are 
located  at  -0.46  and  -0.37  V  in  the  back  scan  for  Pd40Ni6o  and 
NPPd,  respectively.  Additionally,  a  pair  of  redox  peaks  (A  and  A’) 
are  detected  on  the  CV  curve  of  Pd40Ni6o  which  can  be  attributed 
to  the  interconversion  of  Ni(OH)2  and  NiOOFI  in  alkaline  media  [24]. 
The  good  symmetry  of  the  redox  peaks  indicates  reversibility  of  this 


Fig.  4.  HRTEM  image  of  the  nanocrystalline  Pd4oNi6o  alloy  and  corresponding  FFT 
pattern  (inset). 
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Fig.  5.  CV  curves  of  the  Pd40Ni6o  and  NPPd  catalysts  in  the  solutions  of  1.0  M  KOH 
(a),  1 .0  M  KOH  +  0.5  M  methanol  (b)  and  1 .0  M  KOH  + 1 .0  M  ethanol  (c). 

reaction.  The  voltammograms  of  NPPd  and  Pd40Ni60  are  similar  to 
the  reported  results  of  Pd  and  PdNi  alloy  [12]. 

Fig.  5b  shows  CV  curves  of  Pd40Ni60  and  NPPd  for  methanol 
electro-oxidation  in  the  solution  of  1.0  M  KOH  +  0.5  M  methanol. 
In  the  forward  scan,  the  onset  potential  of  Pd40Ni6o  is  -0.83  V, 
which  negatively  shifts  by  ~300mV  as  compared  to  that  of  NPPd 
(-0.53  V).  This  means  that  the  overpotential  in  methanol  oxida¬ 
tion  can  be  significantly  reduced  by  the  nanocrystalline  Pd40Ni60 
alloy  [25,26].  The  peak  current  densities  are  93  and  76  mA  cm-2  for 
Pd40Ni60  and  NPPd,  respectively,  while  their  peak  potentials  are 
comparable.  In  addition,  the  ratio  of  the  forward  anodic  peak  cur¬ 
rent  (If)  to  the  backward  anodic  peak  current  (/b),  /f//b,  may  be  used 
to  evaluate  the  tolerance  of  catalysts  to  accumulation  of  carbona¬ 
ceous  species.  A  higher  ratio  indicates  more  effective  removal  of 
poisoning  species  on  the  catalyst  surface.  The  /f//b  ratio  of  Pd40Ni60 
is  ~9.3,  which  is  nearly  three  times  that  of  NPPd  (3.3).  The  present 
result  of  the  methanol  oxidation  reaction  is  consistent  with  Pd- 
MWCNT-Ni  composites  [6].  Two  well  defined  anodic  current  peaks 
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Fig.  6.  Chronoamperometric  curves  of  the  Pd4oNi6o  and  NPPd  catalysts  in  the  solu¬ 
tion  of  1 .0  M  KOH  + 1 .0  M  ethanol  at  a  fixed  potential  of  - 1 00  mV  for  3600  s. 

can  be  characterized:  one  in  the  forward  (A)  (i.e.,  under  anodic  con¬ 
dition)  and  the  other  one  (B)  in  the  backward  (i.e.,  under  cathodic 
condition)  scan  (Fig.  5b).  The  oxidation  current  peak  A  is  correlated 
with  the  oxidation  of  freshly  chemisorbed  species  coming  from 
methanol  adsorption  [27,28].  The  origin  of  oxidation  peak  B  is  still 
under  debate.  Some  researchers  have  suggested  that  the  current 
peak  in  the  backward  scan  is  primarily  associated  with  removal 
of  carbonaceous  species  not  completely  oxidized  in  the  forward 
scan,  rather  than  caused  by  freshly  chemisorbed  species  [6,29-31  ]. 
While  others  have  argued  that  the  current  peak  in  the  backward 
scan  cannot  be  ascribed  to  the  removal  of  intermediate  species 
but  be  related  to  the  oxidation  of  the  methanol  molecules  in  the 
electrolyte  [32-34].  Still  much  more  work  should  be  done  to  help 
understand  the  origin  of  the  current  peak  in  the  backward  scan. 
Peak  C  is  owing  to  the  oxidation  process  of  Ni(OH)2  to  NiOOH  [13]. 

Fig.  5c  shows  CV  curves  of  Pd40Ni6o  and  NPPd  for  ethanol 
electro-oxidation  in  the  solution  of  1 .0  M  KOH  + 1 .0  M  ethanol.  The 
onset  potential  of  Pd40Ni6o  (-0.81  V)  negatively  shifts  by  ~240  mV 
as  compared  to  that  of  NPPd  (-0.57  V).  Furthermore,  the  peak  cur¬ 
rent  densities  are  180  and  129  mA cm-2  for  Pd40Ni6o  and  NPPd, 
respectively.  Recently,  Liang  et  al.  [34]  have  proposed  a  mechanism 
for  ethanol  oxidation  reaction  on  palladium  in  alkaline  media: 


Pd  +  CH3CH2OH  Pd-( CH3  CH2  OH )ads  (1) 

Pd-(CH3CH2OH)ads  +  30H-  -*  Pd-(CH3CO)ads  +  3H20  +  3e“  (2) 

Pd-(CH3CO)ads  +  Pd-OHads  -*  Pd-CH3COOH  +  Pd  (3) 

Pd-CH3COOH  +  OH-  ->  Pd  +  CH3OXr  +  H20  :  fast  (4) 


The  change  of  CVs  in  desorption/adsorption  of  hydrogen  region 
can  be  attributed  to  the  dissociative  adsorption  of  ethanol  by  Eqs. 
(1)  and  (2).  The  resultant  ethoxi,  such  as  (CH3CO)ads,  is  strongly 
adsorbed  onto  the  active  sites  of  the  Pd  electrode,  which  blocks  the 
ab/adsorption  of  hydrogen,  thereby  reducing  the  hydrogen  peaks. 
The  adsorbed  intermediates  formed  during  the  dissociative  adsorp¬ 
tion  of  ethanol  can  be  stripped  off  the  Pd  electrode  by  the  adsorbed 
oxygen-containing  species  (Pd-OHads).  As  a  result,  the  ethanol  oxi¬ 
dation  reaction  can  proceed  continuously  such  that  the  current 
continues  to  increase  with  the  potential,  which  leads  to  the  forma¬ 
tion  of  peak  A.  Peaks  B  and  C  are  the  same  as  the  case  of  methanol 
oxidation  reaction  in  alkaline  solutions.  In  order  to  evaluate  the 
stability  of  the  Pd40Ni6o  alloy  versus  NPPd,  chronoamperometry 
was  employed  and  the  results  are  shown  in  Fig.  6.  The  present 
results  show  that  the  current  densities  represent  less  decay  at  the 
applied  constant  potentials  for  a  long  duration  (3600  s),  indicat¬ 
ing  that  the  nanocrystalline  Pd40Ni6o  alloy  exhibits  a  better  stable 


Fig.  7.  CV  curves  of  the  Pd40Ni6o  catalyst  (1st  and  20th  cycles)  scanned  in  the  1.0  M 
H2SO4  solution  (a)  and  then  in  the  solutions  of  1.0  M  KOH  +  0.5  M  methanol  and 
1 .0  M  KOH  + 1 .0  M  ethanol  (b). 


electrocatalytic  activity  towards  ethanol  oxidation  in  the  alkaline 
media  than  NPPd.  It  is  generally  believed  that  lower  onset  poten¬ 
tial  and  higher  peak  current  are  key  parameters  to  evaluate  the 
catalytic  performance  of  a  catalyst.  Therefore,  the  nanocrystalline 
Pd40Ni60  alloy  has  a  better  catalytic  activity  than  NPPd  for  alcohol 
electro-oxidation  in  alkaline  solutions. 

In  the  study  of  NPPd,  the  electrode  was  scanned  in  a  sulfuric 
acid  solution.  We  also  conducted  this  experiment  and  the  results 
are  shown  in  Fig.  7a.  It  can  be  seen  that  the  CV  curve  of  the  1  st  cycle 
is  different  from  that  of  the  20th  cycle.  Moreover,  the  potential  of 
reduction  peak  in  the  back  scan  positively  shifts  with  increasing 
cycles.  The  CV  profile  of  the  Pd40Ni6o  alloy  after  20  cycles  is  sim¬ 
ilar  to  that  of  NPPd  when  scanned  in  the  acid  solution  [15].  In  a 
study  on  the  effect  of  Ni  addition  over  PtRu/C  based  electrocata¬ 
lyst  [35],  they  have  found  that  the  CV  of  Pt-Ni  sample  after  100 
cycles  is  similar  to  that  of  Pt  in  the  H2S04  solution.  Using  X-ray 
photoelectron  spectra  (XPS)  and  inductively  coupled  plasma  (ICP) 
analysis,  they  have  found  that  neither  Ni  nor  Pt  can  be  detected  in 
the  scanned  solution,  and  have  believed  that  the  migration  of  the  Ni 
to  the  inner  layers  of  the  solids  results  in  the  surface  enrichment  of 
Pt  during  the  electrochemical  measurement  [35].  Therefore,  the  CV 
evolution  in  the  present  work  may  be  associated  with  the  migra¬ 
tion  of  Ni  from  the  surface  to  the  inner  part  of  the  Pd40Ni6o  catalyst 
(Fig.  7a).  The  Pd40Ni6o  catalyst  scanned  in  the  acid  solution  was 
tested  in  the  alkaline  solution  with  alcohols  to  characterize  its 
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catalytic  performance.  Fig.  7b  shows  CV  curves  of  the  Pd40Ni6o 
catalyst  in  the  solutions  of  1.0  M  KOH  +  0.5M  methanol  and  1.0  M 
KOH  + 1 .0  M  ethanol.  It  can  be  found  that  the  catalytic  performance 
of  Pd40Ni6o  is  not  enhanced.  This  indicates  that  the  enhanced 
performance  of  the  Pd40Ni60  alloy  is  highly  related  to  the  Ni 
addition. 

In  comparison  with  NPPd,  in  which  the  superior  electrocatalytic 
activity  is  attributed  to  the  enhanced  amount  of  active  sites  result¬ 
ing  from  the  unique  bicontinuous  ultrafine  nanoporous  structure 
(see  Ref.  [15]),  the  microstructure  of  Pd40Ni60  shows  no  nanopore 
inside  as  shown  in  Figs.  2-4.  However,  the  unique  microstructure 
(nanocrystalline  zones,  amorphous  zones  and  lattice  distortion) 
of  Pd40Ni6o  may  also  provide  comparable  active  sites  as  NPPd. 
The  enhanced  electro-oxidation  performance  of  Pd40Ni6o  can  be 
ascribed  to  alloying  effect  of  Ni.  Alloying  is  an  effective  way  of 
changing  the  reactivity  of  a  given  metal  [36].  If  so,  the  bond  strength 
of  the  adsorbed  species  and  thereby  their  reactivity  may  change  as 
well.  It  can  have  different  effects:  (i)  increase  in  possible  geome¬ 
tries  of  adsorbates  and  reaction  complexes;  (ii)  change  in  electronic 
structures  of  the  alloy  in  comparison  to  those  of  pure  constituent 
elements;  (iii)  surface  segregation  of  one  element.  The  electronic 
state  of  Pd  is  modified  by  alloying  with  Ni,  which  promotes  the 
catalytic  activity  of  Pd  towards  methanol  and  ethanol  electro¬ 
oxidation.  This  is  verified  by  the  XRD  result  which  shows  that  Pd  and 
Ni  are  well  alloyed.  The  Pd  d-band  centre  shifts  down  when  Pd  is 
alloyed  with  Ni,  similar  to  PtRu.  This  suggests  weaker  Pd-adsorbate 
bonding,  while  the  Ni  d-band  centre  slightly  shifts  up.  In  other 
words,  when  Pd  and  Ni  are  alloyed,  the  adsorption  of  adsorbates 
is  weaker  on  the  Pd  sites  and  stronger  on  the  Ni  sites.  Therefore, 
the  poisoning  species  are  prone  to  adsorb  on  Ni  rather  than  Pd. 
This  is  supported  by  the  high  ratio  of  /f//b  of  the  Pd40Ni6o  alloy, 
indicating  a  better  poisoning  tolerance  towards  methanol  oxida¬ 
tion  reactions.  In  addition,  the  transfer  of  electrons  from  Ni  to  Pd 
may  occur  since  the  electronegativity  of  Ni  is  1.91  while  that  of  Pd 
is  2.20  [6].  This  can  decrease  the  Pd-CO  binding  energy,  improve 
the  oxidation  of  CO-like  intermediates  from  methanol  dehydro¬ 
genation,  and  enhance  the  adsorption  and  oxidation  of  methanol 
molecules.  Ni  shows  a  worse  electrocatalytic  performance  than 
that  of  Pd.  However,  Ni,  which  is  an  oxophilic  element  like  Ru, 
has  the  capacity  to  generate  OHads  at  a  lower  potential,  and  facil¬ 
itates  the  oxidative  desorption  of  the  intermediate  products,  thus 
enhancing  both  the  catalytic  activity  and  stability  of  Pd  catalysts 
[37,38].  Theoretical  analysis  has  suggested  that  Pd-Ni  alloys  may 
be  potentially  good  catalysts  with  activity  similar  to  that  of  Pt-Ru 
[36].  Besides  the  alloying  effect  of  Ni,  the  existence  of  NiO  may 
also  improve  the  catalytic  activity  of  Pd40Ni60  because  Shen  and  Xu 
[39]  have  found  that  metal  oxides  like  NiO  have  a  promoted  effect 
on  Pd/C  electrocatalysts.  Hence,  the  nanocrystalline  PdNi  alloy  has 
shown  an  enhanced  electrocatalytic  activity  towards  alcohol  oxi¬ 
dation  in  alkaline  solutions,  which  is  a  promising  catalyst  in  fuel  cell 
applications. 

4.  Conclusions 

Novel  nanocrystalline  Pd40Ni6o  alloy  can  be  fabricated  by  deal¬ 
loying  a  ternary  Al75PdioNii5  precursor  in  the  20wt.%  NaOH 
solution  under  free  corrosion  conditions.  The  Pd4oNigo  alloy  forms 
a  solid  solution  where  both  nanocrystalline  and  amorphous  zones 
can  be  observed,  together  with  lattice  distortion.  Compared  to 


NPPd,  the  nanocrystalline  Pd40Ni6o  alloy  has  a  higher  catalytic 
activity  towards  electro-oxidation  of  methanol  and  ethanol  in  the 
alkaline  media,  a  higher  stability  and  a  better  tolerance  to  accumu¬ 
lation  of  carbonaceous  species.  The  nanocrystalline  Pd40Ni6o  alloy 
fabricated  by  dealloying  is  a  promising  electrocatalyst  candidate 
for  direct  alcohol  fuel  cells. 
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